Boehmite
Introduction
Synthesis of transition alumina with controlled surface area and pore size has been the subject of intensive academic and industrial research because these materials have a wide range of potential applications such as catalysis, adsorption, separation and energy storage [1] .
Mesoporous alumina (MA) may be prepared by the supramolecular template mechanism [2] [3] [4] [5] where simultaneous condensation of metal ions and self-assembly of surfactant molecules forms a hybrid organic-inorganic mesophase. However a very simple procedure, ''the nanoparticle route'' [6] [7] [8] [9] [10] , which consists in introducing a nonionic surfactant in a pre-synthesized colloidal sol can also gives non ordered mesoporous c-alumina with large surface area, large pore volume, tunable pore size distribution over a wide range of pore size and an excellent thermal stability. Besides the nanoparticle route conducted in aqueous medium has the advantage of producing colloidal sols with controlled viscosity and high stability (i.e. against precipitation or phase separation), which would be of interest for a large-scale production of coatings.
In previous works using the nanoparticle route, the surface area and the pore size distribution (PSD) were modified through the choice of the boehmite precursor, the surfactant, the ratio surfactant/AlOOH and the addition of hydrocarbons.
The main goal of this work is to report the effect, on the textural characteristics of mesoporous c-Al 2 O 3 , of the addition of a metal nitrate in a boehmite hydrosol containing hydrophilic non-ionic surfactants, Pluronic Ò F127 and Pluronic Ò P123. These materials are ABA type triblock copolymers of ethylene oxide (EO) and propylene oxide (PO). F127 corresponds to EO 100 PO 65 EO 100 with MW = 12,600, whereas P123 corresponds to EO 19 PO 69 EO 19 with MW = 5750 [11] . To the best of our knowledge, it is the first time that the remarkable enhancement of c-alumina porosity induced by the addition of metallic salts together with triblock copolymer is pointed out.
Experimental

Synthesis of boehmite sols
Boehmite sols were synthesized according to the method reported by Yoldas [12] [13] [14] . In a typical procedure, 185 mL of hot water (85°C) were added very fast, under vigorous stirring, to 25 Xerogels were made by drying the sols in PTFE plates at 70°C for 12 h. This gave a glassy material which was fired in air at 500°C for 2 h. The AlOOH concentration in the sols was determined by weight loss on ignition at 1000°C for 2 h. The polymer amount is expressed by its weight/weight percent (w/w%) concentration in the sol. The concentration of F127 ranged from 2% to 12% and the concentration of P123 from 4% to 18%. The metal amount is expressed by weight/weight percent (w/w%) concentration in the fired c-alumina xerogel. Each metallic element concentration in xerogels was checked by ICP-AES analysis. The Al and Cu concentrations ranged from 1% to 6% and the Mn concentration from 1% to 7%.
Rheology
Rheology measurements on the sols were performed with a Physica Anton Paar (MCR-300) controlled stress rheometer, using cone-plate geometry. The dimensions of the geometry were 50 mm for the diameter and 1°for the angle. The minimum distance between the plate and truncated cone was 0.05 mm. Rheograms were recorded at 20°C, over a range 1-1000 s
À1
, with a total time period of 300 s for both the increasing-and decreasing-shear-rate sweeps.
Powder X-ray diffraction (PXRD)
The crystal structure was investigated by powder X-ray diffraction. Data was collected, at room temperature, with a Bruker AXS D4 h-2h diffractometer, in the Bragg-Brentano geometry, using filtered Cu Ka radiation and a graphite secondary-beam monochromator. Diffraction intensities were measured by scanning from 20°to 80°(2h) with a step size of 0.02°(2h). A quantitative estimate of the cell parameters and peak broadening was accomplished by profile fitting of the whole XRD patterns. We used the Fityk software [15] . The peak profiles were modeled by pseudoVoigt functions. The parameters refined were zero shift (2h), background, unit cell parameters and peak shapes. The refined FWHM (full-width at half-maximum) of the lines was used to compute, by the Scherrer's equation, the average crystallite size [16] . The instrumental broadening contribution was evaluated by using aalumina sample as standard.
Specific surface area, pore size distribution
Specific surface area and pore size distribution were calculated from nitrogen adsorption-desorption isotherms collected at 77 K, using an adsorption analyzer Micromeritics Tristar II 3020. The specific surface areas were computed from adsorption isotherms, using the Brunauer-Emmett-Teller (BET) method [17] . The pore size distributions (PSD) were computed from desorption isotherms by the NLDFT method [18] (with Quantachrome Autosorb-1 software using silica equilibrium transition kernel at 77 K, based on a cylindrical pore model).
Pore volume (P v ) was calculated from the adsorbed volume (V a ) at a relative pressure of 0.995 by:
The relative errors associated with adsorption-desorption analysis were estimated to be the followings: S BET , 5%; P v , 5%. Prior to analysis the samples (0.02-0.1 g) were degassed at 350°C overnight (%15 h) to remove the species adsorbed on the surface.
Scanning electron microscopy
Scanning electron microscopy analyses were performed, with a SEM FEG JEOL JSM-6700F, on small pieces cut from coated substrates. Before analysis the samples were covered with a thin layer (5 nm) of Pt by sputter coating. gelled quickly as soon as shearing was stopped. The formation of such a gel results from the attractive interactions between particles leading to the formation of 3D network. Under shear, the structure of this gel breaks-down and the viscosity decreases. On standing, the network builds-up and viscosity increases. The thixotropic behavior is observed because building the network takes more time than destroying it. Gelation of a boehmite sol, induced by the addition of electrolytes, has already been reported [19] [20] [21] [22] . The boehmite sols are stabilized by electrostatic repulsion. According to the DLVO theory [23] an electrostatic double layer surrounds each particle. The thickness of the diffuse part of the double layer is inversely proportional to the square root of the ionic strength of the solution. Addition of electrolytes increases the ionic strength and therefore reduces the repulsion between particles leading to gel formation.
Results
Rheology
Addition of Cu nitrate (1%) to the sol containing both P123 and Mn nitrate provoked a significant lowering (more than 5Â) of the viscosity at low shear rate. However the shear thinning behavior below 10 s À1 was less marked so that the viscosity at 1000 s
À1
was almost the same that without Cu nitrate addition. Moreover the sol with Cu nitrate was less viscous but more thixotropic. It is interesting to remark that addition of Cu nitrate (1% and 2%) to a sol containing only P123 slightly decreased the viscosity (about 15%).
XRD 3.2.1. Interaction between copolymer and AlOOH
A comparison between XRD patterns of AlOOH xerogels containing increasing amount of F127 are shown on Fig. 2 . The pattern of F127 has also been plotted. The boehmite structure corresponds to an orthorhombic unit cell with the space group Cmcm. The broad diffraction lines show that the crystallites are nanosized. Whole profile fitting of the pattern revealed the crystallite anisotropy because the widths of the (0 0 2) and (2 0 0) reflections were smaller than the others. The refinement was done using a separate set of parameters (peak intensity, FWHM, Lorentzian fraction of pseudo-Voigt function) for modeling each diffraction line. The peak positions were determined by the cell parameters except for the first line (0 2 0), which was fitted separately because it presented too large a shift toward small angles from its calculated position. The refined FWHM of the (2 0 0), (0 2 0) and (0 0 2) lines were used to estimate, by Scherrer's equation, the average crystallite size along the a-, b-and c-axis. The crystallite dimensions along a and c axes are larger than that along the b axis, which means that the crystallites are in the shape of platelets or disks. The thickness was in the range 2.5-3 nm; the length (along the c axis) was in the range 5-6 nm and the width was in the range 7-8 nm.
The pattern of F127 (pattern e) shows two main sharp peaks at 2h = 19.2 and 23.4°. They correspond to (1 2 0) and (0 1 4) reflections of the crystalline phase formed by the PEO fragments [24] . For xerogels prepared from sols containing 2-4 wt% of F127 (patterns b and c) these peaks were not observed. It should be emphasized that for a concentration of 4 wt%, the mass of F127 is equivalent to the mass of AlOOH. These lines were only present for 6 wt% of F127 (pattern a). However they were broader than those of F127 and they were also shifted to higher angle (+0.3°). Therefore the interaction between AlOOH surface and the PEO blocks of the copolymer was strong enough to prevent its crystallization as long as the polymer amount was not exceeding the boehmite mass.
P123 having a lower proportion of PEO did not give the sharp diffraction lines observed with F127 so that the interaction with AlOOH was less easy to evidence from the XRD patterns.
Effect of copolymer and metallic additives on crystal structure of c-alumina
XRD diffraction patterns of c-alumina prepared without copolymer or with F127 or P123 addition were very similar. Pattern matching revealed that the addition of copolymers provoked a decrease of the ordering domains of the (2 2 2) reflection (scattering from the oxygen sublattice [25] ). Fig. 3 
. Effect of copolymer concentration
The effect of F127 addition on surface area and pore size distribution has already been reported [10] . In this work we studied the effect of the P123 content on the textural characteristics. In Fig. 4 the BET surface area (S BET ) and the pore volume (P v ) of xerogels prepared with copolymers are plotted against the polymer concentration. Both copolymers gave very similar S BET (left plot); the surface area increased quickly up to a maximum in the range 5-10%; then increasing the polymer amount gradually decreased S BET . For P v (right plot) a marked increase was observed up to 7-8%. Then in the range 8-12% the pore volume decreased quickly. For larger content it did not change anymore. Though the trend was similar for both copolymers, P123 gave higher P v at the optimum (1.7 instead of 1.5 cm 3 g À1 ). This corresponds to an expansion of more than 6 times of the pore volume without additive. For P123, the volume of the polymer at the maximum was 0.65 cm 3 -g À1 thus the copolymer created more than twice as much pore volume than its own volume.
Effect of addition of metal nitrates
The BET surface area (S BET ) and pore volume (P v ) of xerogels prepared from sols containing P123 and Al, Mn and Cu nitrates are reported in Table 1 . The cumulative surface area (S cum ) and the cumulative pore volume (V cum ) calculated by NLDFT are also given. A good agreement between V pore and V cum was observed which was expected as the calculated isotherm fitted closely the experimental one. Most often S cum was slightly above S BET , however this difference was not considered significant.
The addition of a metal nitrate did not produce an important effect on S BET when the concentration of metal was low (below 3%). For larger concentrations the surface area decreased slightly. Addition of a metal nitrate had a marked effect on the pore volume especially in the case of Al. For example, xerogels prepared with 4% of Al nitrate reached an outstanding pore volume of 2.6 cm 3 g À1 .
The last rows of the Table 1 show that the textural characteristics of a xerogel containing 5% Mn nitrate were strongly enhanced by addition of 1% Cu nitrate. The surface area was increased by 25% and the pore volume expanded by almost 50%. However this striking augmentation occurred only with a P123 concentration of 17% although the maximum observed without addition of metal nitrates was for a twice as lower concentration. At this copolymer concentration (9%) only a minor expansion was found.
Some representative isotherms and their associated PSD, calculated using NLDFT method are plotted in Fig. 5 . These isotherms were all of the same type IV with an H1 hysteresis loop [26] . Without polymer the PSD was narrow (width at half height of only 1 nm) giving a maximum at 5 nm. After addition of P123 the PSD was still monomodal but broader (width at half height of 4 nm) and shifted toward larger pore size, with a maximum at 13 nm. All the small mesopores, observed without P123, vanished. Addition of P123 + 5% Mn nitrate did not broaden the PSD however it was shifted toward larger pore size with a maximum at 17 nm. Addition of 1% Cu nitrate to this xerogel expanded the PSD (width at half height of 10 nm) because it created a new family of pores at 23 nm. The PSD of the xerogel prepared with addition of P123 + 4% Al nitrate was bimodal with two very broad peaks at 25 and 40 nm. Fig. 6 shows that Al nitrate addition always gave a bimodal PSD even for 1% Al. Increasing the Al nitrate concentration shifted the PSD towards larger pore size and broadens the distribution.
Scanning electron microscopy
The scanning electron microscopy image (Fig. 7b) of a xerogel prepared from the sol containing P123, 5% Mn and 1% Cu nitrate after calcination at 500°C for 2 h, confirms the very high porosity of this material (compared to a xerogel prepared without additives, Fig. 7a ) and shows that the boehmite nanoparticle organize themselves in fiber-like objects. Table 1 Surface area and porosity of c-alumina xerogels prepared with addition of both P123
and metal nitrate, after calcination at 500°C for 2 h. The polymer amount is expressed by its weight/weight percent (w/w%) concentration in the sol. The metal amount is expressed by weight/weight percent (w/w%) concentration in the fired xerogel. S BET is BET specific surface area; V pore is the adsorbed volume at P/P 0 = 0.995. S cum is the cumulative surface area calculated by NLDFT; V cum is the pore volume calculated by NLDFT. 
%P123
Discussion
Several mechanisms have been proposed to explain how the addition of nonionic polyethylene oxide (PEO) surfactants in a boehmite sol can generate a highly porous material. Zhu and coworkers [6] , working under hydrothermal conditions (100°C), proposed a surfactant-induced fiber formation (SIFF) mechanism in which the surfactant interact with the colloid particles of AlOOH through hydrogen bonding. This interaction directs the crystal growth of boehmite leading to fiber formation. During the subsequent heating, the surfactant volatilizes, leaving a highly porous framework while the boehmite was converted to c-alumina, retaining the fiber morphology. Liu [7] and Zhang [8] assumed that the surfactant act as a scaffold to direct the stacking of boehmite particle leading to the formation of a mesoporous material. Jaroniec and co-workers [9] assumed the growth of a 3D boehmite-surfactant superstructure by agglomeration of spherical boehmite particles.
To the best of our knowledge, no investigation has been reported in the literature on the interactions between PEO-PPO-PEO polymers and boehmite nanoparticles. The only study concerns the use of a polyol (xylitol) and indicates that xylitol interacts preferentially with lateral surfaces than with the basal (0 1 0) surface [27] . Anyway we can infer that, when copolymer is introduced in the boehmite sols, it interacts, probably through hydrogen bonding, with the surface of boehmite crystallites. Probably the copolymer should take the configuration in which the polyethylene oxide (PEO) groups lie on the nanoparticle surface whereas the polypropylene oxide (PPO) chains head away from the surface.
This interaction can be revealed by XRD:
(i) As we have seen above, for concentration of F127 in sol below 6%, the interaction between AlOOH surface and the PEO blocks was strong enough to prevent its crystallization. For larger concentration the copolymer can crystallize but it is still affected by the interaction with AlOOH (giving smaller coherent domain size). (ii) When polymer free boehmite sols are slowly dried in air, a transparent film is obtained. X-ray diffraction pattern of this film almost exclusively shows the (0 2 0) reflection. This indicates that most of the primary plate-like crystals align with their (0 2 0) axis normal to the film [28] . In contrast, for polymer containing xerogels (Fig. 2) , all of the Bragg diffraction lines of a boehmite phase are observed [8] . Thus the boehmite crystallites cannot take their preferential orientation because the copolymer is adsorbed on their surface.
The PZC for boehmite reported in literature is close to 9 [29] [30] [31] . The pH of our sols is in the range 4.5-5.0, thus the surface charge is high, leading to electrostatic repulsion between the particles. Under these conditions, particles aggregate to form linear objects (flat rods, laths) in order to minimize electrostatic repulsion. These kinds of objects can be clearly seen in the SEM image of a xerogel (Fig. 7) . This is in agreement with the fact that the addition of P123 caused the total disappearance of the small mesopores that formed all the porosity in the polymer free xerogels (Fig. 5) . These small pores resulted from voids between close packed crystallites, because their size was similar to the crystallite size. The disappearance of these small pores means that boehmite crystallites aggregate in larger objects so that porosity results only from the voids between these objects.
Thus the improvement of the textural characteristics of c-alumina could be explained by the adsorption of copolymer onto these fiber-like objects, preventing the compact rearrangement of the boehmite nanoparticles in a compact ''card-pack'' microstructure during the drying. Besides we think that the formation of micelles could also account, at least for F127, for the pore expansion observed above 6% because, in a previous work [10] , we showed that hydrocarbons could be solubilized within the hydrophobic core of the micelles that swelled, yielding further expansion of pore volume.
After addition of metal nitrates the boehmite sols gelled quickly. Using the same interpretation that Fukasawa and Tsujii [19] , we assume that the reduction of electrostatic repulsions, due to the addition of electrolyte, leads to the formation of both fiber-like objects at lower AlOOH concentration, and a 3D network by bridging these 1D objects. The bridging is reversible since the gel returns to a sol state under shearing but polymer adsorption can prevent the full collapsing of this network during the drying step. It seems probable that the bridging will depend on the metallic cation, which could explain the large differences in PSD according to the nitrate added.
On the other hand the large expansion of the pore size could also be explained by an increase in size of the micelles. Indeed it was shown that the critical micellar concentration (CMC) of EO/PO block copolymers was remarkably lowered on addition of inorganic salt [32] ; this was accompanied by an increase in the core radius of micelle and the aggregation number. This was explained both by induced hydrophobicity in PPO block and dehydration of PEO moiety in PEO shell, making copolymer molecule more hydrophobic.
Finally it is also possible that addition of metal nitrate leads these hydrophobic micelles to aggregate into cubic or hexagonal structures [33] . This could explain why the maximum porosity was obtained for a P123 concentration twice above the maximum observed without addition of metal nitrates.
Conclusions
Addition of Pluronics
Ò F127 and P123 in a boehmite hydrosol is a very convenient method to obtain, after drying and calcination, c-alumina with large surface area and porosity. We showed that the effect of copolymer concentration on surface area and porosity was similar for both triblock copolymers, which seems to indicate that the amount of copolymer is more important than its structure.
When Mn nitrate was added to these sols the viscosity at low shear rate strongly increased and they gelled quickly, however an important shear thinning was observed and the gels returned to a sol state under shearing. Moreover a thixotropic behavior was observed. Addition of Cu or Al nitrate to these sols in low quantity has an opposite effect since the viscosity slightly decreased. It is only for metal concentrations above 2 wt% that we observed a behavior similar to Mn nitrate addition, though in a less extend.
Addition of a metal nitrate had a marked effect on the pore volume especially in the case of Al and Cu. For xerogels prepared with Al nitrate at the maximum (4 wt%) a huge pore volume (2.6 cm 3 -g À1 ) was obtained. Though the pore volume increased only slightly (10%) when Mn nitrate (5 wt%) was added, a further addition of a small amount of Cu nitrate (1 wt%) gave c-alumina xerogels exhibiting both very large pore volume (2.6 cm 3 g
À1
) and S BET (500 m 2 g À1 ). The pore size distribution (PSD) of xerogels prepared with Al nitrate was quite different that the PSD of xerogels obtained with Cu nitrate. Addition of Al nitrate created macroporosity giving a bimodal PSD with two very broad peaks centered at 25 and 40 nm. This striking expansion of pore volume occurred with a P123 concentration of 17% although the maximum observed without addition of metal nitrates was for a twice as lower concentration. At this copolymer concentration only a minor expansion was found. Moreover this expansion was not observed with F127.
In summary, this work shows that, by addition of metal nitrates in a boehmite sol containing P123, it becomes possible to tune the pore volume of the c-alumina xerogels in the range 0.3-2.6 cm 3 -g À1 and the median pore size in the range 5-40 nm. All these materials have high surface areas in the range 300-500 m 2 g
.
